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Abstract

This report gives_.fragment mass distribution data requested
by the Bureau of Ordnance fer the Navy 3"/50 A.A. projectiles,
M4k.27-3 and Mk.31-1, Part II (CSRD Report No. 5606) gives
similar data for the 3"/50 A.P. projectile, Mk.29-2.
Part III (0SRD Report No.5608) contains a preliminary
investigation of the effect of booster size upon the
fragment mass distribution.

The experimental prooedure for fragrment recovery at this
laboratory is described. The fragnents are caught in
sawdust and recovered by a magnetic separator, Methods
of analyzing the data are reviewed, No attempt has been
made at this time to examine the physical theory of shell
break-up but the results have been described in terms of
Mlott's semi-empirical exponential distribution law.

* Physical tests made upon samples from a single lot,
Lot No, 1350 of !&.k27-3 3" A.A. projectiles showed that
the shell were by no means uniform in such properties as

U ,U CLA~F:



hardness and tensile strength. It appeared that a si:ple

hardness test could be used to eliminate sub-standard shell
without rendering them unfit for use. A set of ten shell
selected for uniform hardness did indeed give satisfactorily
reproducible fragment mass distributior data when fragmented
with cast TNT fillings. At least one additional shell from
the saiae lot but showling subnormal hardness gave a fragment

* mass distribution significantly coarser than the others.

Composition A was compared with TNT in the 1v2k.27-3 3" A.A.
projectile, but the results were rather sketchy. Dol'n to
1 gram individual mass Composition A gave about 67% more
fragments. The effectiveness of these fragments is
enhanced by the 20% higher initial velocity,

Tests were made of 50-50 KN0 3 /Composition A, a special
spotting composition that gives a white burst. The fragment
mass distribution in the Mk.27-3 projectile ýas identical
with that of TNT. Tests were made also of an aluminized
Composition A. The distribution pattern was intermediate
between those of TNT and straight Composition A. There is
some indication that the results in this case were influenced
by the small size of the projectile and possibly do not
represent fairly what aluminized Composition A may do in a
large weapon.

The Mk.27-3 projectile was fragmented with TNT-D2 and with
Picratol in comparison with TNT. All three explosives gave
practically indistinguishable fragment mass distribution
patterns.

The 11&.31-1 3"1 A.A. shell has been fragmented with TNT and
with Composition A using both the i1&.58 and the !dk.45 VT
fuzes. With the •k.58 fuze, about 30% of the casing mass
comes from the nose surrounding the inert fuze components
in the form of 7-9 huge fragments for TNT and 9-11 for
Composition A. With the i1k.45 fuze, which is 3/4" longer,
37% of the casing mass is so distributed among 6-7 such
massive fragments for TNT and B-9 for Composition A, The
numbers of fragments down to and including about 9 grams
individual mass are very slightly greater for Composition A
than for TNT, but down to 1 gram, the number for
Composition A is about 60% greater than for TNT with the
Mk.58 fuze and 47%, greater with the L,1.45 fuze, not in-
cluding the massive nose fragments.
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I1 Exlerimental procedure.

Shell fragmentation at Bruceton has been carried out in
a pit 6' in diameter and 6' in depth, having a liner of
3/4" steel. The fragments are caught in sawdust. A dia-
gram of the arrangement is shown in Figure 1. The center
of the pit, where the shell is hunb, is kept clear by means
of a hexagonal box, 1511 on edge, constructed of 1/4"1 plywood
or Celotex. The thickness of the sawdust in which the
side-wall fragments are caught thus varies between 20" and
22". A 3" shell may expand to more than eight diameters
before the side-wall fragments strike the panels retaining
the sa*,rdust.

The panels of the box are actually 48"1 long, but due to the
way in which the pit is loaded, the space kept open is only
36" in height. At the bottom of the p:L, directly below the
location of the shell, several layers of' telephone books
are placed to stop the faster end fragments, The bottom
of the pit is then filled to a depth of 18" with sawdust,
including 6" within the box, which is open at the bottom.
The box containing the shell is closed on top by a plywood
or Celotex panel set within the side panels 18"1 below the
top of the pit. The pit around the box and above the top
panel is then completely filled 1.Tith sawdust. On top of
the sawdust, directly over the shell, several more layers
of telephone books are placed and the entire pit is then
covered over with several layers of sandbags. The sandbags
add weight but are practically never reached by fragments.

The original fragmentation pit was inside a reinforced
concrete firing chamber used for other studies as well.
Observations with typical Navy -" A.A. shell showed that
the shots created negligible disturbance outside the pit,
so much of the work was transferred to a second outdoor
pit, shown in Plate 1. This facilitated greatly the loading
and emptying of the pit w,,ihile at the same time, the sand-
bags had sufficient inertia so that further barricading of
the pit during shots was unnecessary. 'ie intended ultimately
to build a light shelter over the pit to keep out the
weather, but operations came to a close before this was
accomplished. Meanwhile, during dry w,,eather, the outdoor
pit has given extremely satisfactory service.

After the shell has been fired, the se lust is shoveled
into bins and then run through a magnetic separator. The
first separator available wras a Type IVM-i Dings machine,
in which the material to be processed passes below a flat
disc rotating below the poles of an electromagnet. The
steel fragments are picked up on the disc and released as
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they are carried out of the magnetic field. This separator
effectively recovered steel fragments down to at least
0.25 gram individual weight (the lomrest weight in which
we were interested) but the operation was quite slow. We
have now a Dings Type F-X separator (see Plate 2) in which
the sawdust is fed onto a 12" diameter rotating hollow
steel drum. A stationary magnet within the drum holds the

* fragments until they are carried around out of the sawdust
stream. This machine is very efficient, picking out
everything from the largest steel shell fragments down to
extremely fine dust. The operation is rapid so that the
entire 180 cubic feet of sawdust used in each shot can be
processed easily in about four hours. The sawdust discharged
from the separator is passed into storabe bins through a
screen on which the coarser non-ferrous fragmuents from
the fuze and the rotating band are recovered.

The larger fragments generally have sawdust imbedded in
their crevices. This sawdust is removed by heating the
fragments at 900 0 F. for thirty minutes. Such treatment
removes more than 90% of the weight of sawdust present,
with negligible increase in weight due to oxidation of the
steel. The sawdust is removed from the smaller fragments
by flotation in carbon tetrachloride, followed by boiling
for thirty minutes in 25% sodium hydroxide solution.

After the fragments have been cleaned, it has been our
general practice to weigh them individually down to 9 grams
weight. The linear dimensions of these fragments have
also been taken. These detailed weights and dimensions are
available in our original records but in order to save
space, they have not been included in this report.
Fragments below 9 grams have been sorted into weight groups
of from 9 to 4 grams, 4 to 1 gram and 1 to 0.25 gram,
counted and weighed collectively in their respective groups.
Fragments i:iei~hing individually less than 0.25 gram have
been grouped together and weighed collectively, but no
attempt has been made to count these fragments. This
procedure is satisfactory for 3" A.A. and A.P. projectiles,
for which at least 95%o of the total casing weight consists
of fragmrents weighing individually more than 1 gram. For
thinner-walled projectiles giving appreciably finer
fragmentation, it would be important t.. use smaller
intervals in grouping the fragments at the fine end of
the scale and perhaps even to extend the count to fragments

* below 0.25 grain individual weight.
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Plate 1

View of Fraý,mpntation Pit
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II. Analysis of fragment mass distribution data

In this report, dealing with the fragmentation of Navy 3" A.A.
projectiles, we have been concerned not so much with the
general physical theory of silell break-up as with empirical
ways to represent the data. For a fundamental theoretical4 investigation, service projectiles are far from ideal in
shape and we should begin such a study by the fragmentation of
simple cyTlindrical tubes.

The fragments from service 3"? A.A. and A.P. shell down to
individual masses of about 1 gram in many cases, however,
satisfy approximately a simple semi-empirical distribution
law proposed by N.F. Mott (British Report A.C. 3348, 3642
and a series of subsequent reports). The basic form of this
law is:

dN = A exp (-- M) dQ• (Wi = ml/2) (1)
7_0

where dK• is the numoer of fragments having M (square-root of
the individual mass) within the range M to 7• + dPI and where A
and M• are constants characteristic of-the given-shell. Fro•'
(1) W may derive by integration corresponding equations for
the number Nij of fragments with masses within the finite range
m! to mi:

Kij = A A0 (e"i/ilo - e'mj/Mo) (2)

and for the cumulative number 14 with masses equal to or
exceeding mi:

S= A MO exp (- ) (3)
110  1/2

Equation (3) indicates that by plotting log Ni vs. Mi (= mi/),
a straight line would be obtained having-slope -0.4V•5/Mo.
Equation (2) suggests that in sorting the fragments into mass
groups, it will be advantageous to take the cuts at limits in-
creasing in proportion toQmA, e.g., 1 - 4 grams, 4 - 9 grams,
9 - 16 grams, etc. These groups turn out to be of convenient
sizes for analyzing the data for typical 3" shell, though of
course for larger shell or for thinner-walled casings, a
similar principle could be preserved by using a different unit
of mass. If the cuts are so taken that always Mi i, Hj = i+l,
i = 1,2,3, ... Equation (2) reduces to:

Yij = A Mo (1 - e-l/AO) e-i/No (4)

-6-



Therefore the relation between log Nij and Mij-i) under the given

convention regarding the size of the mass ranges would also be a
straight line with slope -0.4343/1,o.

£ Equations such as (1) and other related types have been discussed
also oy R. •i. Gurney and J. AT. Sarmousakis (Ballistic Research
Report No. 448) and by W. R. Tomlinson (Picatinny Arsenal
Report No. 1404). A law such as (1) is equivalent to that of
random break-up in two dimensions. The third dimension of the
fragments, the thickness, is quite uniform over all the larger
fragments showing both original inner and outer casing surfaces.
It is determined by the extent to which the casing expands
before rupture. A large fraction of the total mass consists of
fragments of this type. The smaller fragments, however, include
many produced by rupture in all three dimensions, the relative
number increasing as smaller and smaller individual fragment
masses are taken into consideration. As may be expected,
therefore, one may not properly extrapolate Equations (1) - (4)
to include the smallest fragments. The actual numbers of such
fragments are larger than the ideal calculated numbers based
on the values of A and Ao that fit the observed distribution
of the larger fragments.- In practice, foi 311 A.A. and A.P.
shell, as has been mentioned, Equation (1) apparently fits the
data quite well down to fragments having individual masses of
about 1 gram. This includes at least 95% of the total casing
mass for such shell. Wlhile in some cases, fragments as small
as 0.25 gram may be individually effective, in general for 3"
shell, fragments of less than 1 gram constitute but a small part
of the total effectiveness, particularly at a moderate distance
from the shell and against all but the lightest targets. There-
fore Equation (1) and its derived forms afford a generally
satisfactory analytical description of the fragment mass distributioi
over the useful range of individual fragment masses, provides
that we are not interested in the smallest fragments. For thin-
walled high-capacity projectiles of similar size, it should be
pointed out, fragments of siaall absolute mass such as I gram or
even less occur with much greater relative frequencies and
high velocities, and they may constitute the bulk of the pro-
jectile's effectiveness as a frsgmentation weapon. Presumnably
an equation such as (1) could oe fitted to the mass distributions
of such projectiles (also to t'ose of projectiles of other sizes)
but with a difference in the range of absolute individual fragment

S masses over which it is valid. 1jihether this range would include
a sufficiently large fraction of the total number of effective
fragments for the equation to be useful remains to be examined
in each case. The present investigation, however, is concerned
exclusively iwith service 311 A.A. shell.



Mott has pointed out that shell break-up cannot be truly random
in two dimensions since there is in general an observed rough
correlation between the fragment length and breadth. However,
by assuming that fragment dimensions are governed by a primary

Ssplitting parallel to the axis into strips, followed by break-up
of each strip into segments according to the same law but with
the condition that the average length is some fixed multiple
of the particular stripts width, he has derived a form of
distribution law that when plotted graphically is practically
indistinguishable from the simple empirical law represented
by Equation (1) (see British Report A.C. 4035). He has also
attempted to derive a theoretical expression for Mo for a given
explosive filling in an ideal cylindrical casing, in terms of
the rate of casing expansion and the tensile properties of the
steel (British Reports A.C. 3642, 4035). According to this
theory:

S= k tl/2 S(5)

where t is the original casing thickness (in.), d the external
diamet-r of the casing (in.), V the initial fragment velocity
(ft/sec) and s a constant exponrent whose value is about 2/3.Th-e value
of k depends upon the steel and for British and American shell
steils, it has the empirical value 176 (fragment masses ex-
pressed in grams).,

A special complication arises in the case of Navy 3" A.A. shell
because of the relatively large space occupied by the fuze and
auxiliary detonator and the comparatively short length of the
charge6 '.4hile empirical examination of the fragment mass dis-
tribution is useful in itself as a step in the determination of
the shell's effectiveness, for theoretical purposes the shell
is far from ideal. The booster is buried well within the shell,
leaving a rather large fraction of the casing's length towards
the nose containing either but a small annular layer of explosive
in the case of the MT fuzes or no explosive at all in the case
of the VT fuzes. This condition results in the creation of a
small number of extremely large nose frLnments having velocities
well beloVw the average. These fragments naturally do not fit
the distribution law satisfied by the others. In the case of
the VT fuzes, M4k. 58 and 14k. 45, where the nose fragments have
been backed by no explosive at all, it is quite easy to dis-
tinguish these fragments from the others since they break off

* rather sharply at a region corresponding to that at which the
explosive filling begins (see Plates 18, 19., 22 and 23).
Only when these fragments are oxc-udej-fr5m_ tFe total do the
fragment mass distributions satisfy approximately Equations (1) -
(4).. T'.h are justified in treating them separately since their
demonstrated lower velocities (see OSRD Reports Nos. 5266 and
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5267 by R. Ui. Drake ) correspond to a different order of
effectiveness. In the case of the MT fuze, Mko5l, where the
nose fragments have been backed by a thin layer of explosive,
the distinction between relatively slow nose fragments and the
other side-wall fragments is not so clean-cut. Fragmentation
is undoubtedly coarser towards the nose (see Plate 4) but many

* of the nose fragments, instead of breaking off cleanly in the
region of the booster, extend on into the side-wall region below.
These nose fragments also have velocities well below the average
(OSRD Report No. 5531). For INlavy 5" A.A. shell bearing the same
fuzes, these complications would presumably not arise since the
nose fragments affected by the presence of the fuze would con-
stitute a relatively small fraction of the total casing mass.

One would expect further complications due to the presence of
the rotating band and also end-effects at the base of the shell.
Wlhile the copper rotating band fragments themselves have been
segregated from the steel casing fragments, no general attempt
has been made to treat the steel base fragments separately from
the side-vall fragments, though this would be desirable in a
more detailed fundamental investigation.

One may derive physical interpretations of the parameters i-
and M0 in Equations (1) - (4) as follows: If the distribution
law W-ro valid down to the smallest fragments, it is clear from
(3) that the total number would be AMo. At the same time, by
integrating the expression for M2 dll"in terms of Equation ýi),
one would obtain for the total 7ass of the fragmpnts 2A1'To .
The average fragment mass would therefore be 2Mo . Th-is provides
a tentative physical interpretation for M0 : 1--quation (1) wore
valid over the entire fragment mass rangT" the square of Ho
would be equal to half the mean fragment mass. An equivai-"nt
interpretation may be derived by integrating the expression for
H dN: we may show then that Mo would be equal to the mean square-
root of the individual fragment- mass. The constant A may be
eliminated by reference to the total mass of the fragments, W0o,
which is generally known (if recovery is complete, 3 it should-
be equal to the original casing mass): A = V10/2Mo . In
Equations (2) - (4), the combination AMo could be replaced by
W!o/2lMo 3 . Thus, for a particular shel T=with Wo given, the
distribution for a given explosive filling wou-Id be characterized
by the value of the single parameter Mo.

Actually, we cannot in practice measure the real total number
of fra.ieonts nor hence their true average mass, and furthermore,
we have noted that Equation (1) is not valid anyhow for the
smallest fragments. If it does apply down to some least
individual mass mlI in which we are interested (e.g., 1 gram for



service 3" shell), we may modify the interpretation as follows:
Down to individual mass ml, the cumulative mass W1 of the
fragments, by integrating-the expression for M2 dNT7 will be

Vl = AMo (2Me 2 + 21,1oMl + M12 ) exp - M1  (6)

Since wi may readily measure W1, E2quation (6) together with
the value of Mo sorves to fix-he value of A, so that just as
in the ideal -ase vwhere mlO0, the aistributý.on low requires. adjustmint
of only the one parameter Mo, in addition to the directly observed
cumulative mass W1, to fitThe data* Thus, for the special case
ml 1 (gram):

MAM0 = l exp 0 )
2M02 + 2Ii 0 +_()

By integrating the expression for M dN, we may show furthermore
that:

e - (ml)/2 (8)

whore the average represented by the first term on the right
is taken only over those fragments with masses equal to or
exceeding ml. In other words, so long as Equation (1) accurately
represents--he distribution for all those fragments with
individual masses equal to or exceeding ml, Me accurately
represents the excess of the mean squaref--oo'-of their fragment
mass over the square-root of the limit mass ml. Of course in
the ideal case discussed previously wIhere m1-?an be taken as
zero, Equation (8) reduces to N10 = ml/ 2 avZ'•aged over all the
fragments.

Equation (8) constitutes the most straightforward method of
calculating Mo from the observed data for a given shell, though
it is a tedi--s one since it involves taking the square-root
of each individual mass before averaging. By comparing (6)
with (3) however, we may derive an equivalent expression for
Me in terms of the mean fragment mass, E = W1l/Nl, averaged over
aTl the fragments of interest having individual masses equal
to or exceeding ml:

FA = 2Me 2 + 2M1, + M12  (9)

4 = (2 - ml)l/2 _ (ml)1/2 (10)
2

For the special case ml 1 (gram):

- m- 10 - -



One should note that if Equation (11) is used to calculate Mo
and Equation (7) to calculate AMo (and by inference A), ono-Ts
in fact adjusting A so that Equa-ion (3) is exactly satisfied by
the observed data for Mi = 1, N = Nl(observed). This becomes
evident upon substitution of (9i with M1 =li (1 )observing
that by definition m = W71 /N 1 , and comparing with (3). Therefore

we could equally well use Equation (3) in the form:

AMo = N1 oxp (1 ) (ll')

to fix AMo from the observed value of N1 and the computed
value oT-o according to (11).

Vie may determine a value of Mo by using a more elegant statistical
approach, the method of maxif--um likelihood. By this method,
suggested to us informally by Dr. L. H. Thomas of the Ballistic
Research Laboratory, a value of L1e is selected that makes the
observed fragment mass distributThn most probable, assuming that
it tends to follow the exponential law (1), as compared with
all other possible values of Mo. The procedure, which takes no
explicit account of the cumula-Tive fragment mass, is outlined
in Appandix II. It has the theoretical advantage of taking
greater account of the actual distribution in detail instead of
assigning Mo on the basis merly of an averaged mass. On the
other hand,-for the shell that we have analyzed by both methods,
the difference in the estimated values of Mo has been less than
5%, or no greater than the variation in Mo-Trom shot to shot in
a series of repeated shots. 'tIe have preTl'rred to use (11) to
estimate the value of Mo because the equation is so simple to
apply. It involves th3--assumption that the actual distribution
does in fact satisfy rather accurately the empirical equation
(1), but if this is not so, the value of Mo obtained by any
statistical method has little significance.

By Equation (11), we can always calculate formally a value of Mo
for any given distribution, whether or not the distribution fits
Equation (1). To show whether Equation (1) does indeed fit the
data, allowing for random statistical fluctuations, we may
apply the Chi-square test, as suggested to us by Dr. H. Scheffe
of the Applied Mathematics Panel. This test is described in
Appendix I and shows whether at a given level of confidence the
data are consistent with the assumzed law or whether this assumption
must be ruled out as too unlikely.

O A different form of fragment distribution law has been proposed
by 14. Payman (British Report A.C. 4604), This law describes
empirically the fraction Wi/J1o of the total casing mass
accumulated in fragments h-av=ng individual masses equal to or

-11i- w m. .



exceeding mi, as a function of mi:

log v4il/o = - c mi (12)

Obviously Equations (12) and (1) cannot be exactly consistent
* with each other. If we were to assume that (1) is applicable

over the entire distribution down to and including the smallest
fragments$ so that AMo in Equation (6) could be replaced by
w0 /214,2 we should o-T-ain as the expression equivalent to (12):

log %Ii/Wo -0.4343 + log (I + Mi ) (13)•,•÷ o ( M-• 7M-2 (
mI 0

Actually, the assumption is in this case a not unreasonable one
since even though the numbers of very small fragments (i.e. smaller
than 1 gram) do in fact depart widely from those that would be
calculated in accordance with Equation (1), their contribution
to the total mass is relatively small, e.g., less than 5%, so
that substitution of a calculated instead of the observed
contribution to the cumulative mass over this range can introduce
no appreciable error. For (12) and (13) to be consistent with
each other, it readily follows that:

cMe2  0.4343 1 (1+ ---- + M.) (14)
0 Mi-MT - (Miimo)2lg( Mi 2Mi2

Wieo)2-Mo 2

The expression on the right of Equation (14) has been computed
for various assumed values of Mi/%o, as follows:

Mi/Mo Ii/Wo c 3o2

4.0 0.238 0.0390
3.5 0.321 0.0403
3.0 0.423 0.0415
2.5 0.544 0.0423
2.0 0.677 0.0431
1.5 0.809 0.0410
1.0 0.920 0.0364

One sees that over the range of Wi~/o between about 0.30 and 0.85,
cM0 2 is nearly constant with a value between 0.040 and 0.043.
T. H. Wise has shown from experimental results with various shell
that a constant value of cMo0  averaging about 0.0412 is in fact

-12 -
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obtained (A.R.D. Theoretical Research Report 23/44). He has
suggested using an equation such as (13) to calculate Me
from observed cumulative fragment mass data. A further-review
of this treatment is given by N. F. Mott, Jo H. Wilkinson and
T. H. 'ise in A.R.D, Theoretical Research Report 37/44.

The near constancy of cM0
2  in the range of Vii/jo between 0.30

* and 0.85 implies that if -ott's equation, Equation (1), fits
the observed fragment mass distribution over that range, then,
Payman's equation, Equation (12) approximately will also.
Conversely, if Equation (12) fits the observed data, then over
the range Wi/Wo between 0.30 and 0.85, Equation (1) will fit it
also, with-a-value of Mo approximately equal toVU0.41b/ce
Beyond 0.35, Equation 71-2) will be rather insensitive to the
fragment mass distribution in terms of numbers, so the fact that
Equation (12) may be valid over that range (that of the smallest
fragments) suggests nothing specific about the actual mass dis-
tribation in terms of numbers. we have stated that for many
shell, Equation (1) continues to be valid down to Wi/Wo of about
0.95, beyond which it no longer fits the data. WhI esuch
behavior may be technically inconsistent with application of
Equation (12) in that range (i.e. beyond 0.85), in practice
Equation (12) could still continue to be approximately satisfied
without implying anything precise about the numerical distribution.
In the range of Wij/o below 0.30, Equations (1) and (12) become
increasingly incompaible with each other as Wi/Wo is taken
smaller and smaller. However, this range inclutes only a
few of the largest fragments and one would be inclined for
pradtical purposes to discount departure of the observed dis-
tribution from either (1) or (12) if these equations were found
to fit the data with reasonable accuracy over the middle range
of V1i /Wo.

Whether Equation (1) with its derived forms, (2) and (3), or
Equation (12) is the more useful analytical formulation depends
upon the particular application. In general, we favor (1) and
particularly (3) giving the cumulative number as a function of
the individual fragment mass, The reason is that since the
fragments from a conventional shell are distributed over a
fairly narrow range of velocities, there will be some rather
well-defined lower critical mass for a given target such that all
heavier fragments have a reasonable expectation of penetrating
through it ( in a precise treatment the additional factors of
retardation and orientation to the target must of course be taken
into consideration). If this critical mass has been detormined,

S Equation (3) then gives directly the number of effective fra.-ments.
On the other hand, an equation such as (12) may be the more useful
in the study of controlled fragmentation, where we may be in-
terested in efficiently transforming a large fraction of the total
casing mass into fragments of a predetermined size.

-13-



III. Physical Properties of the casing.

The non-uniform behavior of shell in pit fragmentation
studies has been comnented upon (R. W. Gurney and
J. N. Sarmousakis - Ballistic Research Laboratory Report
No. 448). Considerable variation in the numbers of
fragments has been noted even from members of a single
lot of shell, though Picatinny Arsenal claims to have
improved the reproducibility greatly by careful control
over the method of initiation (P.A. Report No. 1530 by
G. /I. Hopkins). Variations in the quality of the casing
as well as the possible presence of small scratches
on the surfaces have no effect upon the fragment velocities,
which for a given explosive are governed solely by the
charge weight/casing weight ratio (except for end effects),
but they may have a very large effect upon the numbers of
fragments produced.

The fact that the elementary precaution of selecting the
shell for an experimental investi6ation from a single lot
affords insufficient protection against drawing un-
representative samples was brought home to us by physical
tests run on six shell taken at random from a lot of
five-hundred M-k.27-3 3" A.A. shell, Lot No. 1350, sent
to us from the Naval Ammunition Depot, Fort Mifflin. The
sample shell were given to the Pittsburgh Testing Laboratory
for examination. Each was quartered longitudinally and
test specimens were taken from each of the four quarters,
The test results are given in condensed form in Table I.
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Table i

Physical Tests of Mk,27-3 311 A.A. Shell
Drawn From Lot No. 1350

Yield Tensile
Strength Strength Elongation Brinell

Shell S3_ple (psi.) (psi.) (%) Hardness

1 A 106,520 124,220 30.0 255
B 103,700 123,280 24.3 255
C 105$980 123,430 24.3 262
D 1090050 123,010 21.4 255

2 A 100,900 122,580 24.3 255
B 101,100 122,900 24.3 269
C 107,550 122,100 22.9 262
D 104,620 123,520 22.9 262

3 A 61,430 77,640 25.7 217
B 82,020 109,600 24.3 229
C 87,440 108,850 25.7 229
D 90,460 109,550 23.6 229

4 A 96,900 115,700 25.7 241
B 101,420 115,850 25.7 241
C 97,490 115,890 22.9 241
D 99,500 115,800 25,7 241

5 A 92,900 i18,290 25.7 241
B 95,480 117,300 24.3 248
0 92,970 117,100 24.3 248
D 97,000 116,490 22,9 248

6 A 101,800 115,700 24.3 248
B 100,000 116,400 25.7 241
0 101,500 115,100 25.7 241
D 95,900 114,700 25.7 241
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One sees that of the six shell, one, No. 3, was well below
the others in quality and actually failed to meet speci-
fications. Shell Nos. 4, 5 and 6, while greatly superior
to No, 3, were still inferior to Nos. 1 and 2, though we
do not know how a difference of this order of magnitude would

* affect shell break-up. Fortunately there appears to be a
correlation between the hardness, wihich can be measured with-
out destroying the individual shell, and the yield and tensile
strengths. This correlation can be used in at least a
negative sense to reject substandard shell showing abnormally
low hardnesses, even though it will be impossible to measure
the actual strengths of the shell accepted for investigation
on the basis of this test, As shown in the following section,
ten more shell from this lot, accepted on the basis of
uniform hardness results, were loaded ,!ith cast TNT and
fragmented. The average number of fragments dovwn to 1 gram
individual mass was 285 with standard deviation of 19,
showing a quite acceptable degree of cclsistency. On the
other hand, at least one additional shell from the same
lot, whose hardness waas well belowv the average for the ten,
gave a significantly coarser fra&llent mass distribution,
the number of fragments down to I gram being only 244.

We may conclude that for a precise study of fragment mass
distribution, not only should the shell all be selected
from the sauie lot but in addition, individual hardness
measurements should be taken and used as a basis for further
selection. If this is not done, one runs the risk of obtain-
ing inconsistent results whose interpretation is obscured
by undetected differences in the quality of the individual
casings. Furthermore, one should take care to avoid surface
scratches since a scratch only 0.004"1 deep has been shown to
favor fracture along the scratch in preference to other
neighboring locations (see British Report A.C. 1241 by
H. L. Porter).

- 16 -



IV. Results.

1. 1,1k.27-3 3V/50 A.A. Projectile.

a) Repeated trials-'xith shell of uniform hardness, TNT
with 11k.51 HIT fuze.

A set of ten 'IN.27-3 3" projectiles was selected from
Lot No. 1350 on the basis of uniform hardness. The
average hardness ranged between 25.7 and 27.5 on the
Rockwell 0 scale. In addition, two shell with lower
average hardnesses, 19.7 and 21.1, respectively, were
selected from the same lot. These shell were loaded with
cast TNT and drilled out to receive the service 1.k.51
mechanical time fuze and 12k.54 auxiliary detonator. The
fuzes were duimies w;ith the clock-liwork replaced by a
brass plug of equal weight. The auxiliary detonator,
armed for static firing, was initiated by means of a
No. 8 duPont electric blasting cap inserted on the axis
of the fuze and butting against the firing-pin of the
auxiliary detonator. The empty casing weights, without
fuzes, averaged 4118 + 8 g. and the main charge weights
averaged 363 + 3 g. , the density being about 1.60. The
auxiliary dethnators contained the standard 15 g. Tetryl
boosters.

The object of these shots was to obtain statistical in-
formation on the reproducibility of the fragment mass
distribution when care had been taken to eliminate
variations in casing hardness (and presumably along
with it, variations in other physical properties of
the steel).

The results are su-marized in Table II. The fragments
from a typical shell are shown arranged according to
mass in Plate 3, The same fragments are shown in Plate 4
arranged approximately according to the region of the
shell from which they came. In Plate 4, no attempt has
been made to locate fragments having masses of less than
1 gram. The smaller fragments have merely been grouped
in the piles shown at the top of the picture. The
thickness of typical side-wall fragnents ranged between
0.351' and 0,40", the average being about 0.37". The
original casiný, thickness was 0.54".

Table II includes values of Mo and AX0 , calculated for
each shell in accordance wit-EquatT-ons (11) end (11')
and also the value of 2 calculated as shown in Appendix I.

-17 -
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In Table lI are summnarized the estimated average cumulative
numbers of steel casing fragments, with their estimated
standard deviations for the ten uniform shell, Nos. 70, 71,
73-80. These averaged data are plotted graphically in
Figure 2. The table includes also values calculated
accordiný, to the empirical equation:

Ni = 466 exp ( ,2.03

where 2.03 with estimated standard deviation 0.09 is the
estimated average value of 1o and 466 is the value of AM1o
that with this value of M0 g-ves correctly the observe=
average value 285 of Ni.-The straight line in Figure 2
has been drawn to correspond vrith this equation.

Table III

Average cumulative numbers of steel casing
fragments with individual masses equal to
or exceeding mi, I1k.27-3 3" projectile,
TNT, with Mk. 5IVT fuze.

mi Average Ni Std. Ni (empirical Difference,
(grams) obs. deviation equation) obs. - calc.

100 4 1 3 + 1
81 7 6 +i
64 11 2.4- 9 + 2
49 17 L 15 + 2
36 23 2 24 - 1
25 33 3 40 - 7
16 59 4 65 - 6

9 115 7 7 '6 + 9
4 177 4 174 + 3
1 285 19 (285) (0)
0.25 428 34 364 + 62

Upon examining the observed results, one sees that the data
for the ten shell are reasonably consistent, particularly
down to individual fragment masses of at least 1 gram.
Even down to 0.25 gram, the greatest individual departure
from the average number is less than 15% of the average.

* The data for Shell No. 81, which had a subnormal hardness,
show a definitely coarser distribution pattern. The number
of fragments down to and including 1 gram individual fragment
mass, for example, is smaller than the average for the
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preceding ten shell by more than t.-Tice the standard deviation,
indicating that at a confidence level of 95%, this shell is
distinguished from the others. For Shell No. 98, whose
hardness w!7as not quite as low as that of No. 81, though well
below ' the average for the ten uniform shell, the fragmenta-
tion was coarser than the average but not sufficiently so
to distinguish this shell from1 the others. It falls among
the three coarsest distributions in the series of ten.

According to the Chi-square test for gL.;dness of fit of
empirical Equation (1), six of the twelve shell, Nos. 71,
72, 75, 76, 79 and 98 may be regarded as having distributions
that are not inconsistent with the equation; for four,
Nos. 74, 77, 80 and 81, the hypothesis is rejected at
significance level of 5%; but not at 1%; for two, Nos. 70
and 76, the hypothesis is rejected at level 1i. Rejection
implies that the departures from the law in individual
fragment mass categories are too large to be supposed
consistent with merely random- statistical fluctuations.
All of the shell showt a systematic departure from the
exponential law in the range 9-16 grams; the observed
number in this range (average = 56 for the ten uniform
shell) is in every case greater by an amount varying from
5 to 22 than the number consistent with the empirical
equation. All but No. 98 show likeý'ise a small departure
in the opposite direction in the range between 25 and 36
grams, the observed numbers (average = 10 for the ten
uniform shell) being smaller than the numbers consistent
with the empirical equation by amounts varying from
1 tO 9. These departures contribute heavily to the
rejections indicated by the Chi-square test. Neverthe-
less, since no other simple empirical equation fits the data
any better, we have averaged N10 and A1io for the ten
uniform shell (one notes thattnese T--d-ntities for Shell
No, 81 likewise differ from the averages by more than twice
the standard deviations) and tabulated the values of Ni
computed according to Equation (3) in Table III.
Except between 36 and 9 grams, the fit is excellent
down to 1 gram, the differences betTeen the observed
and the calculated values of Ni being nowhere greater
than the standard deviations -of the observed values. Below
1 gram, as previously noted, the empirical equation fails
altogether, the actual numbers of fragments in this range
greatly exceeding the numbers consistent with the equation.

* We have attempted to analyze in greater detail the nature
of the fragment mass distribution in the range 9-36 grams.
For the LD<.27-3 shell, it is quite easy to identify the
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origins of all the larger fragments (e.6., generally down
to 1 gram) because of the presence or absence of varjous chtracteristic
surface features such as nose adapter threads, rotating
band seat, base crimps for the propellant case, etc. (see
Plate 4). The shape is in fact far from that of an ideal
cylindrical casing, though the explosive cavity itself is

Wpractically cylindrical over almost its entire length.
In Table IV we have sorted out within various mass ranges
down to 1 Sram all the fragments fro:- three representative
shell (jc7O, 75 and 79) approximately according to the part
of the casing from which they came. There is naturally a
certain amount of overlapping in defining such regions of
origin since sorue larger fragments include more than one
region, and furthermore there is uncertainty in determining
the origins of some of the smaller fragments, but in
general, the fragErnts are readily classified.
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Table IV

Classification of fragments according to origin,
Mk.27-3 3" A.A. projectile, Mk.51 MT fuze

Numbers of fragments

From
From central side-wall,

Showing side-wall, down From under base to
Mass range nose adapter to rotating rotating rotating From

(g.) threads band band band base Total

Shell No. 70

* 100 0 3 0 0 0 3
81 - 100 0 1 0 0 0 1
64 - 81 0 5 0 0 0 5
49 - 64 0 7 0 0 1 8
36 - 49 0 7 0 0 0 7
25 - 36 0 6 0 1 1 8
16 - 25 5 13 1 7 3 29

9 - 16 5 16 12 24 6 63
1 - 9 .5 128 20 20 4 177

Total/' 1 gram: 15 186 33 52 15 301

Shell No. 75

> 100 0 3 0 0 0 3
81 - 100 0 6 0 0 0 6
64 - 81 0 4 0 0 0 4
49 - 64 0 5 0 0 1 6
36 - 49 0 5 0 0 1 .6
25 - 36 0 6 0 3 1 10
16 - 25 2 11 1 1 5 20

9 - 16 10 12 15 13 3 53
1 - 9 2 110 27 35 2 176

Total ) 1 gram: 14 162 43 52 13 284

Shell No. 79

l100 0 5 0 0 0 5
81 - 100 0 3 0 0 0 3
64 - 81 0 4 0 0 0 4
49 - 64 0 4 0 0 1 5
36 - 49 0 5 0 0 0 5
25 - 36 0 12 0 1 2 15
16 - 25 1 12 1 3 4 214 9 - 16 7 4 y 24 4 46

1 - 9 4 104 38 25 4 175

Total) 1 gram: 12 153 46 53 15 279
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One sees that a characteristic feature of the mass range
between 9 and 16 grams is a large influx of fragments from
the base and base side-wall, beyond the end of the
explosive cavity. This type of fragment appears also in
the range between 1 and 9 grams but their relative effect
there upon the total number is small because of the large
number of true side-wall fragments appearing in this range.
The apparently better agreement of the fragments from
Shell No. 79 with the exponential lalIv in the range 9-16 grams
(reflected also in the unusually lowv value ofr 'X 2) is
due to the abnormally low number of true side-wall fragments
(including fragmaents from under the rotating band) for this
shell in this range, so that the base side-wall fragments
have the effect of compensating for the deficiency of true
side-wall fragaents instead of markedly increasing the
total number as they do in the cases of the other shell.
The reason for such a variation in the detailed distribution
pattern obviously cannot be detected without further
experimental study,

Clearly, a fundamental study of shell break-up should begin
with long cylindrical casings, having perhaps extensions of
a different metal such as brass to reduce end effects in
the main steel central portion. The simple exponential law
(1) or (3) meanliihile remains a useful analytical way of
representing the data whiith fair accuracy even for actual
shell, thouwh its limitations should be recognized.

The investigation that has been described in this section
has served primarily to de-Monstrate that reasonably uniform
fragmentation data can be obtained by ensuring uniform
hardness in addition to selectin6 the samples from a uniform
lot. Even w-,ithin a given lot of shell, individual variations
in n.echanical properties may occur that can result in signi-
ficantly different fragment mass distributions.
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b) Comparison of Coraposition A with T14T, 51. 1 MIT fuze

In addition to the shell described in the preceding section, we
have fragmented four ilk. 27-3 3"' projectiles, two containing the
standard service loadin.g of 0.75 lb. cast T1JT and tvwo containing
experimental loadings of 370 grams pressed Conposition k-3. The
shell were service-loaded and were from different lots, without
hardness tests, so the exact significance of the results must be
discounted accordingly. The two T§•T-loaded shell (Shots h$l8 and

W21) bore Lot Number 1642-193'? and were received from IJAD, Fort
Llifflin, while the tw•o Composition a-loaded shell were Lot Num,-
bers 161-1937 (Shot 0o. 19) and 194-1937 (Shot .ýo. 23) and wvere
received froia NAD, $t. Julien's Creek.

The shell were initiated %ith Lk. 51-2 mechanical time fuzes and
lvk. 46 auxiliary detonators. The detonators were armed by remov-
ing the centrifugal detents fromL t.ie firing pins and turning the
rotors to the armed position. The fuzes were modified for static
initiation by drilling a small hole through the side into the
primer cavity belovw the striker pin and inserting an electric
match-head in place of the primer. The match-head ignited the
powder ring of the fuze, thus generating pressure in the normal
way to drive in the firing pin of the auxiliary detonator. The
clock-work of the fuze was present but was of course not in action.

The fragmentation data for these shell are presented in Table V.
Plates 5_ and 6 sho%, the fragments for one of the TNT-loaded and
for one of the Composition 1_-loaded shell with the steel casing
fragments arranged in order of decreasing mass. Plates 7 and 8
show the same fragments arranged respectively according to the
approximate parts of the casings from which they came. (iNote that
the fuze cavity mvs as sh1own in Plate 4.)

The 1ik. 51 mechanical tiiie fuze contains about 72 grams of steel
and 518 grams of non-ferrous metal parts, while the 1'k. 46 aux-
iliary detonator contains 220 grams of steel and 106 grams of
non-ferrous metal parts. 1Most of the steel parts from these com-
ponents are nuite chayacteristic and readily differentiated from
steel fragments coming fron the casing proper. The smaller frag-
ilents are less readily identified and it is possible that a few
ha*ve been included ai-ionl. the casing fragments. This would account
for minor discrepancies in TLble V, particulorly the apparently
high recoveries of steel casingý fragments in Shots , 18 and 23.
The overall metal recoveries in Shots , 1-fl8 and 21 were respectively
15 and 8 grams high. Part of the differences may be due to small
departures of the actual charge "eights from the nominal value off
0.75 lb. specified by the Bureau of Ordnance. hie could not measure
the charge weights directly, since tne shell vere received already
loadud. In Shots i;%; 19 and 23, the total na--tal recoveries were
108 and 41 grams low respectively out of original totals of about
5400 grams. Mviost of the losses were in non-ferrous parts (more
difficult to recover) of the fuzes and auxiliary detonators, both
of which were noticeably muore battered for these Conpoosition i-
loaded shell than for the Th•T-loaded shell.
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Table V

L.k. 27-3 3" . i-eroj~ctile, TIT and Coelposition h-3,
hk. 51-2 I.IT 2uze _nd 1½k. 46 ý.uxiiicry Detonator

T", T ComPosition A-3

Initial data: :218- __i 93

Ootal weight, loaded shell 4484 g. 4469 :. 4478 g. 4491 g.
v.'ithout fuze or adaoter

Charge 1,\eight* 340 340 370 370
Casing iv•eight 4144 4129 4108 4121

Co',er rotating band•' 204 204 204 204
Casing steel 3940 3925 3904 3917

Fuze adapter 356 358 352 357

1k. 46 auxiliary detonator 342 346 342 341
Booster weight 15 15 15 15

l-k. 51-2 fuze 603 605 609 604

Mv1etal ports, fuze + aux. det.
+ adapter 1282 1290 1284 1283

General recovery data:

Casing steel fragments*:'t 3977 3925 3906 3945
\Jeight of all fragments 3819 3754 3658 3728

>1 -ram
Jpe fra~ents from rotating 198 04191 190

Co per fragmnsfo rttn 9 2041910
band

Mdapter parts 356 351 358
i-Lux. det. parts .. 717 318 261 284
Fuze parts 549 623 574 586

*Nominal values, as specified by the Bureau of Ordnance.
Derived casing v~eights may be in error by several grams.
due to variations in these quantities.

"**iTominal value. Casing steel ,)eights may be in error by
several orams, due to variations in this quantity.

*.*,1ay include small fragments from fuze and auxiliary deton-
ator not identifiable as such.
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Table V (continued)

T4T Composition A-3
Si29 7,l9

Detailed recovery data:

*Casing steel fragments

-o. vith mass >169 czrs 1 1
144 2 2
121 2 3 0
100 4 5 1

81 7 10 1
64 15 i0. 0 2
49 18 18 8 11
36 23 23 20 23
25 38 32 37 37
16 61 65 65 58

9 107 103 129 106
4 156 166 209 228
1 252 254 430 413
0.25 380 384 706 576

Average mass of fragments
vith individual mass i gram. 15.16 14.78 8.51 9.03

0 2.21 2.17 1.50 1.56

Jo 396 402 837 782
_x2 9.92 11.25 (13.30)* (9.83)*

*See jppendix I for si-nificance. Values for Shots r 19 and

23 vere calculated for five degrees of freedora instead of the
usual six.

Copper rotuting band fragm.ents

10o. liith mass between:
9 and 12 grams 2 4 0 0

0.25 and 9 grams 58 35 76 90

Fuze, aux. det. and adaiter frag•ients

Njo. with mass:
* .rater than 100 graiis 3 4 3 4
betýeen 49 and 100 trams 1 1 3 4
betwean 9 &nd 49 Srams 1 6 14 12
betwoen 0.25 and 9 t-rams 29 16 105 195
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The data for the tvwo TNT-loaded shell are in excellent agreement
with each other, though the fragmentation is definitely a little
coarser than for the ten shell described in the preceding section.
It rather closely resembles that of Shell No. 81. The distribu-
tions are described quite well down to 1 gram individual fragment
mass by the empirical exponential law:

Ni = 339 exp (-11i)
2.19

(see Figure 3). The data for the two Composition A-loaded shell
are less consistent vvith each other. Shell No. 23 has a distribu-
tion consistent with the exponential law but for Shell No. 19, the
Chi-square test rejects this hypothesis at significance level of
5%, though not at 1%. 3hell ,1o. 19 gave no casing fragments iioro
massive than 64 grams, and gave many more extremely small fragments
(e.g., 0.25 - 1 gram) than did Shell No. 23. One should note that
these shell weie from different lots. The data for the two shell
are plotted in Figure 4, ton,-ether with the straight line corres-
ponding to the amp cl equation:

S= 805 exp _

1.53

We are not justified in drawing definitive conclusions on the basis
of so few shots, particularly in view of the absence of information
concerning the quality of the particular shell. However, the re-
sults do indicate that if we are interested in fragments ivith
individual masses down to less than about 13 grams, Composition A,
is superior to TNT in numbers of fragments produced. Down to
1 gram individual mass, for examaple, th• number produced by Com-
position i-L is aeout 67%$ greater tnan the number produced by TiNT.
The effectiveness of Composition - is further enhanced by the higher
fragmient velocity, averaging 2530 ft/sec. at 9' from the shell as
compared witli an average of 2060 ft/sec. for TNTT (OSRD Report ;,5531
by R. W. Drake).

It is interesting to compare N. F. Mott's theoretical formula (5)
for M',o with the observed values. The original casing thickness of
the Fr. 27-3 3"' projectile is 0.54" over most of its length.
Putting this value in Equation (5) together with the velocities
just quoted, we obtain theoretical L1e values of 1.65 for TNT and
1.44 for Composition A. The calcul'-ted value for Composition A
is in fair agreement with the observed value. For TITT, however,
the observed distribution is considerably coarser than that corres-

* ponding to the theoretically calculated value of L.. Part of the
discrepancy is undoubtedly due to the coarse frag:intation of the
upper half of trio casing, towards the nose, resulting from the
presence of the inert con oononts of the auxiliary detonator. For
Composition A, the coarsely fragmented region does not extend so
far doin the casing (compare slates 7 and 8). If for TNT the nose
half of th6 shell had a fragment mass distribution more like the
observed distribution of the base half, t-.. value of 10
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would be closer to the theoretically calculated one. The nose
fragm±ents do in fuct have greatly reduced velocities compared with
the lower side-wall fragraents.

The mean thickness of central side-wall fragraents si.owing both
inner and outer surfaces ias between 0.37'" and 0.38" for the TJ•T-
loaded shell and about 0.40" and 0.39" for the Composition 1-loaded
shell. Comparing these figures with th6 original casing thickness
of 0.54", we may infer that this part of the casing expanded by
about 44% before rupture i_. the case of TINT and 35-38% in the case
of Composition I. The difference is smiall and may be not signifi-
cant, psrticularly in view of th; fact that the shell come from
different lots.

0
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c) 50-50 KJ0 3 /Composition A and Aluminized Composition i

Two Lk. 27-3 3" shell from Lot No. 1350, tasted for hardness, were
fragmented sith loadings of 50-50 Potassium Nitrate/Composition A.
This composition was prepared at this laboratory by C. A. VToltman
to meet a requirement of the Bureau of Ordnance for a high explos-
ive spotting filler giving a white burst (Division 8 Interim Report
PT-36, p. 11). The fragmentation tests were designed to show
whether the mixture retained sufficient effectiveness as a frag-
menting agent, since it vas known that a smaller proportion of
potassium nitrate failed to produce a white burst.

Three shell from the same lot, also tested for hardness, were
fragm•iented with loadings of Aluminized Composition A (73-18-9 RDX/
Aluminuam/ax). The object was to determine whether there was any
advantage of this composition over ordinary Composition ".

The shell were loaded in the following way. Four preformed pellets,
of diameter just large enough to slide in the casing, were inserted
in the shell and consolidated by pressure. The level of the explos-
ive was then adjusted to the bottom of the auxiliary detonator
cavity by adding a thin layer of explosivo, where necessary, and
pressing again. The detonotor cavity was then pzeformed by insert-
ing a brass slug of the proper size and prVssing explosive around
it by means of a hollow cylindrical plungeaz. The pressure was
10,000 psi. throughout. The shell uere cavitized to receive the
dummy 1,k. 51 fuze and the IYk. 54 auxiliary detonator, as in the
case of the TNT-loaded shell discussed in Section Z . The charge
density vas 1.75 for 50-50 Potassium Nitrate/Composition A and
1.69 for 73-18-9 RDM/Aluminum/Xhax.

The data are given in Table VI. The fragments for one shell of
each type are shown in Plates 9-12. In Shot No. 61, the base came
off in one single fwagu•nt instead of breaking up into s.aller
pieces. The fragmentation of this shell uas otherwise not extra-
Ordinary.
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Table VI

Lk. 27-3 3Y A. P. projectile, 50-50 V0q/Composition .i

and Comr)osition A/Al, 1k. 51 IMT Fuze ,n L. 54 Aux. Dot.

k\03 /C omp .A Comp .k/Jkluminum

Initial data: i~o. 58 io._ 5 IT 60 No. 61 1o.62

Hardness, !Rockvvoil C 26.4 26.3 26.3 26.3 26.0

Total výeight, loaded shell 4515g. 4528g. 452 6 g. 4500g. 4505g.

viithout fuze or adaptor
Ch .r.. o .ight 400; 397 381 391

Casing \oight 4115 4124 4129 4119 4114

Coppor rotating band* 204 204 204 204 204

Casing stool 3911 3920 3925 3915 3910

Fuze adapter 357 356 358 357 356

!Uik. 54 auxiliary dotonator 994 999 990 998 999

+ Lk, 51 fuze
Boostur coight 15 15 15 15 15

•.iotal parts, fuze + aux. dot. 1336 1340 1333 1340 1340

+ adapter

Goneral rocovery data:

Casing steel fragraents-' 3938 3921 3922 3906 3858

Yýeight of all fragments 3834 3820 3740 3762 3706

> 1 grarm
Copper fragrmients from 185 202 198 191 191

rotating band

fragments from faze, 1321 1303 1310 1304 1324

aux. det. and adapter

*Nominal value

-*Ilay include a small quantity of fragments from fuze, auxiliary

dotonýtor or adaptor, not identifiable as such.
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Tabla VI (continuod)

'L.0 3 /C p' . C om.,/1ui-liinum

0o. 58 No. 59 -o. 60 Uo.61 No.62

Dp tailcd rcoveryX dta:

Casingstcu;kl 72pL3ft
;o. vitki•.ss > 196 6'rais s

169 1 1
14411
121 5 0 1
100 0 5 1 1 0

81 3 7 1 3 1
64 9 13 5 5 5
49 18 15 Ii 9 10
36 27 21 17 17 24
25 46 35 27 32 40
16 69 57 62 53 69

9 121 113 134 108 125
4 184 177 224 216 10"
1 284 288 387 385 346
0.25 365 359 557 557 480

.va]raga ifass of 2r a ,-
r-n ts > 1 1r2a 13.50 13.26 9.66 9.67 10.71

2 2105 2.03-64 1.66... 1.76
563 2071 712 7n3 611

S;ý 2* 6.59 10.78 13.67 4.67 11.39

Copcer rotating, band fraao-rnts

Ao. ;vith ~imass betwaon
0.25 aad 10 grams 34 55 89 96 87

Fuzo, aux. dut. ;nd adaptor fragnonts

No. vitn mnss > 100 sr ms 4 3 3 5 4
bAtoton 49 and 100 2 2 2 1 2
b;tvv>3n 9 and 49 9 11 8 8 12
bAtvv,)n 0.1 and 9 75 74 106 86 99

"'hSoo j-4)ppendix I

""Baso plug, 302 g., in oneri piece.
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Thu data for 50-50 ld10 3 /Composition " are in fairly good agree-
mont for the tvo shell, though iýoo. 59 gave . feow larger fragments.
The results are plotted graphically in Figure 5,together with the
line corresponding to the empirical equation:

47= 47 xp (- i )
1--2.04

One sews that the distributions are practically identical with those
for cast TiNT (Table T-).

For alu"inized Composition A, the data are not so consistent.
Shell Nos. 60 and 61 are in 3ood agreement with each other, but the
distribution for No. 62 is somewhat coarser. Nos. 61 and 62 are
consistent -with the exponential law, but the hypothesis is rejected
for Jo. 60 at 5i significance level, though not at 1%. The results
are plotted in Figure 6, together with the average line correspond-
ing to the empirical equation:

675 exp -
1.69

Comoaring with Table V, barin•r iin mindhowever, that the shell in
that tahle vore from different lots, one sees that the fragmenta-
tion is coarser for the aluminized Composition " than for the
aluminized Composition ,- than for straight Composition .Ž, though
still aporeciably finer then for T.,JT (see T1'ble II for exact com-
parison). According to theo theory of shell fractur-.Theooars'e.fragrentat
pattern should corre:'-ond to a lowvr casing exparsi•on vdlocity. '.so noted,
howoever, that several of the- fragments frco. these shell passed
entirely through the sawdust and marked the vi,,alls of the fteg-
montation pit. This did ziot happen ,with any other type of 3" shell
fired, includinF, the ones loaded o ith straight Composition
Therefore the alu:uuiized Comiposition _ apparently ,ives rise to
some unusually energetic fislents. It -vvill be inte.restin- to
determine the fragment velocities w~ith this filling. If these
should turn out to be greater than for straight Composition ý. (just
as those for Torpex ar•ro-ter ....thn those for Composition B), the
anom•ly could b. explained on the basis of the supposition that
for thd aluminizod coi~iposition tuere continues to be acceleration
of the fragmcents by the', e:closion products after break-up, i.e.,
part of the total ..nergy is released aft.-r the casing has expanded
to t'e point of rupture. in a sufficiently large charge, this }ro-
sumýably ;aould not occur and thoro should then be a closer corre-
lation botvieen velocity and mean fragment size.
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d) TTT-D2 and Picratol d6ora'iparod w"Ith T7"T

In connection ~vith a re:quu st by the Bureau of Ordnance; for infor-
maetion conce3rning cast hi,ý-h ýýxolosivcs loss s.-nIsitive. than T for
use i. t1D Tiiny Tim rocket he-;ad, ;vve t ste-d the frag-ientation of

,the iLk. 27-3 31 sel by FýT~T-b)2 (r2TT desensitizcd xvith 5%o desejnsi-
*izor consisting of 86%, 6tanolind fallow viax,14 itoelos
and 0.1%*1 Le~cithin) and by Picratol (52-48 ý,iimoniuxan P.6icrate/T.';T)
in co~fa_'p'-rison with TL:TT itse~lf. Tritonal-D2 also v~as considered for
this aDplicction but 10- felt that fragmentation te3sts conducted in
siaall projeýctiles wvould not be useful in t'e ca-,se of this "cooli'
a~luminize~d ex,'plosive, in;- viou of the relatively m-uch greater effect-

ivenc-ss ~ ~ ~ L sh-ni a~ hro .- parallel investigation of fragment
vel1ocities and pa-nel penetrctions by m,-ode~l shaell filled Vvith the
same e-_xplosives v~as ca-rried out by R. 'i. Drake at this la.,boratory
and. the results ha-vel been :n~iven- in 003RD Re:ýport ',o. 5622.

Tho slaell vverz; all taken from. Lot Jo. 1350, but since, this inv,.s-
tigation ivas started before ha-rdness and other me,.chanical properties
had boeen d(etorraiined, no indkividual hardneiss muasuremeni'ts vý(ero
taken. 2or this rea-;son, thei ixiterpi-_tat icn is opon to somei que'stion.

Since ive ývantod to be; sure tihat the. main charges vvero adequately
boostere--d, v.e used presse7d 25 grari Totryl pellets in place3 of the
15 grc--n boost,.rs use-d i.-, t"11- service c.; 46 an l 54 au-.xiliary
detona_-tors. The sheall vtocr loade3d voith theic aid of 8-- long aluminum
rise;r tubeýs to theý shaoulders seating theo threade~d -fuze adapter rings
and drilled to aý dea--th of a'.bout 2 Eim, to Yr-ceive the_; uncased 1-1/41Y
diaintor' p>.lle-ts, which woro sc~t vvii'thin the; loxveýr throaded sections
of tho adaptors tha~t normally rci the auxiliary detAonators. rTho
s:--ll v~ere, close-d v.4th~j brass e~nd-Lplugs . ihnaabout 6370 g-rams,
drilled axically to reiVe3 8o 6 u~ent e;lectric detonators and
screve~d in-to theic u 'Uer t-r2.dd sections of t.ao, adapters in place
of fuzes. Oneý of ti"le TiT-loa-ded sheýll, ITO. 32, vyes fired v.4th only
a lig--ht voode3n plug to hllo( th,. detonator, i... pl-aceý of the- hee:vy
brass :;nd-.pluZ. This ys done to teýst vyhetheir the methlod of closure
aff:cte3d the- fragYme-ntat'ion patr. Thec fragment m~ass distribution
for this shc~ll-ivas pr,:ctically indisti.n.Zuisha-blc frum taosL; of othei(r
T'&±,T-loade-d shll, ;xcopt th-t- tlhiý adLeAter eg. 1,3 s no fractui'ed.

The, data are give;n in Table VII. The, fragmen.ts for one shell1 of
--ach typoe are sho,,-n in PL-ltos 13-15. Theý steeol casing recove3ries
shdovyad sMall irrea-Ularities, none ecdig75 cgrams out of totals
of about 4000 r"T-Z.u5. 0,eei that prý' otic:ally aýll Of thlis -conl-
sistod of fine,ý dust, th..t 3sc _-ý-d the3 old-type; ragn,_-'Cic separ-ator
usued ina theseý rul-coveýries, ano t 1 t macy la yeý been carried ove;r from
one shot to anothe-r. _fte:r ýirht of th.-!- shell h-d been fired,
using tcho, same. bat ch of s.a-,aýust r fetel fo- t he &r gieDnt recovery,
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thu; savw&ust j,;&s run thL'rougý,h the. sepý-rator A L t1 ~rcu-fourtlas
t.-ic norzi~al spu.od. i-, totc-.l of 111 ITrras of stooýcl ~;s uovor-d,
of ;~ih98 ~r~i consistoýd of niaturit.J passin- thyouý,,h a U. S.
.io. 20 standard si.-v,, i.o.,I thu; individuocl paric1 aoss ývas
probcýbly not gr-ctkcr thrn 0.005 pCraxyis. Thuý nowvsp.tr(~~
TypDo - xvitii iiianotizod drum; scuu Plato 2) is much maore. -JCficiunt,

*but ý,o boliuvuý th,..t .)voni uith thu. old rmachine, ruýcovu:ry as con, -
pluto down to 0.25 am inividuu-,l mass.
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Tho,:s2- data arm fairly consitEACnt ý,eith the ecec ption of Shot :,,42
forTPT Ths sotgave many m.,ore 2 ragmen-`-a and ai ge~nerally finer

mass distribution than thi_ other TINT-lo~ad,.7. shell. It is unfor-
tun-te, tha:t ixe did not h~ve mechanical pro-aeýrty tdsts of th,, shell
a~t th, timec this s-.~ries -vý.as fired. The- data wooldi b3 brought into
line- if it could be3 shiown, 2cr exmlthat ýShel2. ij42 had an ex-
ccptionally gr&.!t ha-rdness and associated brittleness. Ina the
-bsence of su~ch infornia-tion, we hve little choice but to eliminate

* holl w42 r.mthe cp:ionon th-- arbitrary ba--sis that tho
results renot coflsistýiYG vita. those3 of the: othe3r three she,:ll.

The other thre:e Ti11\T-loadcd shiell g;ave rather widely varying nqimbors
of fragments doun to 0.25 Egranm. Dow-n to 1 gr~am, howeýýver, theý data
are, in fairly good ageeen, vith Shot `ý30 showing a soraewhut
finer distribution than teothers. Theý distribution for Shot -;;ý30,
according to the Ohi-squaro test, is inconsistent i/itha the ex-
ponontial. law at signifiica-ýnce leve;l of 1%". The. departure is maost
prom',inent in: the ing of lrgeý fragmei(nts, the aýctual numabers of
w,.,icd Lar too small1 in rtiato the, numbers of sl2.ialler fragmeicnts
to beý. consistent wihthe) law. r1This' is si.ý.mn byý th...; fj-ct that wh'Len
all frgmnt ith n msss (qual to or greateý,r tha-n 49 gramis are
egroupe,-d in a singýl_ cll ,s, ixit*,iout rfrneto the detailed dis-
tribution a.ithlin tha.!t c sthec observed (dist-ribution ra. pcars to
be ina m-,uch beýtter gre itth lav. similar3 rema-rk a-pplies

with V~fl r,,ate3r fo]:Gc to &h-ot i;-41 (Picratol) weewe h
nwumbe-r vwitn m,-asses ~ n49 ,iid 64 ,--aii and the umlber 1with
mai"sses e ua'l tCo Or r.~r th. n 64 grams aýre tre.ate-d :as jepar,,1ate
clcasses (te iiith-od :.,.;ierally folloi d in ta,.is reýport; e
ALpprendilyý I) , tiie exp.one~ntial laiw- is ruýIjected ;,It signiifica51nce 1_vel

of5~i thua nt t1%) , bat" whAo ,all fr .o'me_,nts with maasses equal
to or greý-Ater thcan 40 gam are groupe~d il-n simgle_ cla--ss, the
hyaotheýsis becomeýs not in-con-rsiste3nt ,ith teobse:rved distribution
at th-is lveýl of sigpýnifica--nc_1. J;vidently the-i distribution of thei
larger fragmeants is in this case the. ma~jor source of deviation
froij1 theexomii lw

If 31hot Yý42 is remIove-d fromA cons iderati on, the- threeo e~xplosive-s
sh'ow inetistincuish-1,blc Zrmaen ass dýistributions. Table VIII
presen-ts veoocum~ulativeý num~be-rs of fragme,,nts aind ,,lso the ver
age; valuus of I-0 , tghr ihtheýir - vr gIpo d~viations. One see,:s

thtnaeea~the dif:(;ren_-cos af.,ong- tnc avercE2s for. tA.i, t,1reO,
eýxalosive-s significan.--t ancoprsn with th Cd.vi.,Ations am~ong; Aich
r.maults for .Sgiveýn .ýx2loaiv_-.
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Table VIII

.verugs for TWT, TiiT-D2 and Picratol, I.k. 27-3 3" Projectile

No. steel casing fragments aIith TNT TN•T-D2 Picratol
miasses equal to or Sr.-ator -,32 33,4 0
than: 100 grar's 2 + 2 2 + 1 2 + 0

81 4+ + 4+2 4+ 1
64 8+4 9 2 971
49 16 + 1 16 7 0 18 7 1
36 25 + 2 25 T 4 30 7 2
25 39 + 3 41 + 1 42 + 2
16 64 + 6 65 3 63T 1

9 17 +12 114 3 109 2
4 181 8 177 + 2 176 2
1 298 + 5 296 6 303 3
0.25 476 + 46 476 + 6 458 +18

2196 + 0.03 1.96+0.04..1.95 + 0.02

In Figure 7, v:e have plotted the aveýra ge data in Table VIII for
each [pe o-f loading viiith exclusion of Shot .,-42) and also the line
corresponding to the exponential equation:

1i = 498 exp (- i
1.96

According to the fragment velocity measurements previously referred
to, the average. fr-gilcnt velocities for TITT fnd Picratol weore
indistinguisha'ble, but thet -vrage for TLTT-D2 vas about 6c,% lo"wer.
The steol panel penetraýtions for TITT-D2 wcorc also slightly poorer
than for the other tvio explosives. * ott ! s given theoretical
reasons for supposing that the value of 1i' for a, given shell should
vary in invwrse proportion to some pover-lose to the tvwo-thirds
of the initial frage-.-.nt velocity (soe Equation 5). The observed
difference of 6%'0 bet-,,,oen T1:iT and T",NT-D2 wvould lead us to expect a
possibly coarser distribution for TiTT-D2 corresponding to bi
greater by -bout 04. Such a difference wvould probably be to small
to be detected even azit a l-rge number of shots, for ve have seen
that the ten uniform Ti:-loaded shell(discussed in Section a), gave
a standard duvi-tion in 1i'o of about 4.4%. Unless the difference
betvmoen the averages for-t.o such sets of observations wore at
least tv.ice this, or bout 9%, ve should be unable to distinguish
thore at confidence level of 95%.

Figures for Picratol in comparison vvith TNT a:,ru given in Pica-
tinny trsenal Report No. 1530 by G. lv. Hopkins. In the 90 mma.
shell, 171, iiicratol ve 769 + 32 fragments as compared with
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703 + 24 f or TIJT. In the 3"' shell, I 42Al, on the othe.-r hand,
JPicreatol -ave 47+2ascpre ith 514 + 18 for TNT. (Those
totals are numbors retained on 'a 1-rae.sh screen, aihicue

93-91) of thu original casing mass; the- sm~allest fragmerant retailied
v~euld be3 thej order of 0,8 )rani in individual mass.) The conclusion
re-ache-d ,aes that theý tao ex'plosives uvere in the sameý group v~ith

resectto ordir of effectivoness.

Arather uneýxpected finclinE, in t: e preýsent investigation VV'as that
both the values of 1.1 and-i~ the observeýd actual numbers of fragments
for TNT (e.g., doin~to I. --rýa individual mass) acere almost the suae
from these shiell as from the shell de-scribed in Table I[ th-At 1,cre
cavitized to take the 1.1k. 54 auxiliary deoao~1ethe fact
thAt the datona-tor cavity is responsible for reducing the xiain
chargE by about 15%.
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2. 1,1k.31-1 3V'/50 A.A. Projectile

At the request of the Bureau of Ordnance, we have fragmented ten
i'/k.31-1 3P A.A. projectiles loaded with cast TNT and ten loaded
with pressed Composition A-3, half of them cavitized to receive
the 1k. 58 VT fuze and lvk. 44 auxiliary detonator and half tc
receive the longer Lik. 45 VT fuze and Mk. 44 auxiliary detonator.
All of the shell were from a common lot, Lot No. 138-37, but they
were received service-loaded (from NAD, Fort ifflin), and
individual hardness tests were therefore not made. The object
was to compare the two explosives under the service loading
conditionsin this shell, normally equipped with one of the VT
fuzes occupying a relatively large part of the casing.

The Mik. 31-1 projectile differs from the Ilk. 27-3 in certain minor
respects. It has no tracer cavity in t.e base and instead of havi
a removable fuze adapter, the nose itself is threaded directly
to receive the VT fuzes, which are larger in diameter than the MT
fuzes. The o.d. over the main body is 2.95W, the bourrelet at the
shoulder being slightly larger, 2.985'. The o.d. of the Mk. 27-3
projectile is 2.98" with no bourrelet. In both projectiles, the
explosive cavity is cylindrical with diameter 1.90" over practical
its entire length, so that the casing wall thickness is slightly
smaller for the Ivk. 31-1, 0.525ý' as compared with 0.540". There
has been in existence also a so-called EX-2 P3 A.A. projectile,
consisting of the Mk. 27-3 with the nose rethreaded to receive a
larger adapter that takes the VT fuzes. A parallel investigation
of fragment velocities and panel penetrations for the same tw%
expltsives and same two fuzes has been carried out at this
laboratory by R.'•J. Drake using the EX-2 projectile (OSRD Reports
Nos. 5266 and 5267).

There is a difference in the way in which the Mk. 31-1 projectilE
is loaded as compared with the Mk. 27-3. Due to the large
diameters of the VT fuzes, there is just room for them within the
casings, with no explosive at all surrounding them. For the

Rik. 58 fuze, the first 3-1/27' from the nose and for the 1\k. 45
fuze, the first 4-1/4" of the 8-1/211 casing length therefore
contain no explosive at all. The main charge, beginning at these
respective lovels,is furthesr cavit-7ed over 3/4" lnsngth to receivet
booster cup of the I&k. 44 auxiliary detonator. The main charge
with the Mk. 58 fuze is thus 24% less and with the Mk. 45 fuze
38% less than in the case of the MRk. 27-3 projectile with Mk. 51
MT fuze.

For these static shots, the fuzes contained no electronic parts
Sbut were ini:'~ted in the armed condition by an external electric

fr~in c~irc~ur that fired the electric detonator normally
cresei-it ir , fuze. The auxiliary detonators were likewise
ars '- static initiation.
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a) Composition A and TNT vvith 1k, 58 VT Fuze

The data for the Mk. 58 fuze are summarizec. in Table IX.
The fragments recovered from representative shell with each type
of loading are showvn in Plates 16-19.

The recoveries were generally satisfactory except for the fuze
parts. The fuzes and auxiliary detonators together contained
between 90 and 100 grams of exnlosive and plastic parts but in some
cases the recoveries were as much as 80 grams short even after
allowing for the non-recoverable portions. A considerable fraction
of this probably consisted of non-magnetic metal, of which a little
more than 100 grams was present, that may have passed through the
separator undetected. Much of this non-ferrous material is
located just above the booster and is probably rather finely
disintegrated.

One should note th:iat Table IX (and also Table XI below) are
constructed somewhat differently from Table II. Table IX gives
directly the numbers of fragments within the various mass groups in-
stead of the cumulative numbers. This has been done deliberately
to bring out the obvious distinction between a relatively small
number of idassive nose fragments showing adapter threads, split
from the region of the shell, containing no explosive, surrounding
the inert fuze body, and the main bulk of fragments that have been
subjected to direct explosive action. These nose fragments are
readily distinguished in appearance from the others (see Plates 18
and 19) and are known in fact to have much lowver velocities
(0SRD Report No. 5266). -hen they are included in the total
count, the fragment mass distribution as a whole departs widely
from the exponential law. "'e have attempted to fit the exponential
law to the high-velocity fragments by excluding the massive nose
fragments (about 30% of the total casing mars) from the count.
The fragments excluded were generally, thou. a not without a few
exceptions, the heaviest ones in the distrioution. Table IX
gives the average mass of all steel casing fragments with individual
masses equal to or ex. eeding 1 gram, excluding the nose fragments.
From this average mass, a value of M0 has been calculated according
to Equation (11). Table X ý.ives thr-average cumulative numbers of
fragments and their average deviations for each ex-losive, excluding
the nose fragments, together with the numbers calculated according to
the empirical exponential formulae:

Ni = 424 exp ( - Ifi ) (TNT)

N. = 841 exp ( - mi (Composition A)
1 1.31
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where 1.82 Z 0.07 is the mean value of 11, for the five TNT-
loaded shell and 1.31 j 0.04 is the meanT-value for Composition A.
The agreement among the shell for either explosive is quite
good, though 1/53 for TNT gave somewhat fewer fragments than the
other similar shell. The average data from Table X have been
plotted in Figures 8 and 9 (small circles) together with the
lines corresponding to the empirical formulae given above. The

* large circles in Figures 8 and 9 represent the total cumulative
numbers, including the massive nose fragments.
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b) Composition A. and TNT "'ith 11. 45 VT Fuze

The data for the Mk. 45 fuze are summarized in Table Xi. The
fragmaents recovered from representative shell with each type
of loading are shown in Plates 20 - 23.

Q Shell `64 (TNT) gave a fragment mass distribution much coarser
than those of the other TNT-loaded shell. This is the kind tf
behavior we might expect if the physical Droperties of this 1)articL
lar casing were below normal. ''e have excluded W64 from the averaf
The other shell gave generally consistent results.

As in the case of the Ik. 58 fuze, a small number of massive nose
fragments were produced from the part of the shell containing
no explosive. As expected, the combined mass and average mass
of these fragments was greater than in the case of the Mk. 58
fuze, reflecting the greater length of the Uk. 45 fuze. We have
attemrnted to fit exponential laws to the high-velocity fragments
remaining after the massive nose fragments (about 37% of the total
casing mass) were excluded. W6hen the nose fragments were
excluded, the next most massive fragment in the case of TNT was
generally from the base, which in three of the five shots came
off in one piece. The base fragments werehowever retained in the
count in order to keep the treatment for TNT and for Composition A
alike. Table XII gives the average cumulative numbers of fragmer
and their average deviations for each e 1 )losive, excluding the
nose fragments, together with numbers calculated according to
the empirical exponential formulae:

Ni 405 exp (- 11i ) (TNT)1.7-9

Ni- 690 exp (- 111 (;omposition 1
1:36

where 1.78 j 0.04 and 1.36 ý 0.05 are the respective values of
Mo for TNT and for Composition A. The data from Table XII

(small circles) together with the lines corresponding to the
empirical exponential equations are shown graphically in
Figures 10 and 11. The large circles represent the total
cumulative numbers, including the nose fragments.
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c) General sumf.ar:, for Composition A. and TNT.

Table XIII presents a general summary for the TNT-leaded and
the Composition A-loaded 37' A.A. projectiles, bk. 27-3 and
Ivik. 31-1. One should note that only two Com-position A-loaded
Uk. 27-3 projectiles were fired. A further qualification is
that of the shell listed in the table, only the Uvlk. 27-3 TNT-
loaded shell initiated with Uk. 51 MT fuzes were checked

* individually for physical properties (i.e., hardness),
while the Mk. 27-3 Composition A loaded shell were actually from
a different lot.

One cannot readily compare the distributions of the Mk. 27-3
with those of the Uk. 31-1 projectiles. As has been noted,
the slow nose fragments produced by the latter projectiles
(because of the inert VT fuze bodies) were readily distinguished
from the other high-velocity casing fragments and could be
treated separately. In the case of the Ek. 27-3 projectile,
the removable fu~e adapter was treated separately, but it was
impossible to distinguish in any clear-cut manner between
low-velocity nose fragments and those fragments beginning at the
nose but extending far enough down the side-wall to partake of
true side-wall properties, though it was undoubtedly true
that fragmentation was generally coarser towards the nose than
towards the base. Thus the values of 0o given in Table XIII
do not reflect accurately the relative--oarseness of the casing
distributions for 11"k. 27-3 as compared with Mk. 31-1, since in
the latter case, nose fragments were excluded, while in the
former case, fragements from the corresponding part of the casing,
which were finer, were included.

In comparing Composition A with TNT, one observes that the cumu-
lative nuiibers of fragments down to 9 grams are about the same
for the two explosives, Composition A showing a slight advantage.
Down to 1 gram, however, the numbers for Compostion A are 48%,
59% and 42% greater than for TNT in the shell Mk. 27-3 ith Mk.
51 MT fuze, Mk. 31-1 with Mk. 58 VT fuze and Mk. 31-1 with Mk.
45 VT fuze, respectively. The average masses of the fragments
having individual masses equal to or exceeding 1 gram is 52%,
60% and 47% greater for TN•T than for C iposition A in the three
respective shell, massive nose fragments in the case of Mk. 31-1
being excluded.

The average side-wall fragment velocities at 9' from the shell,
as determined by P.W. Drake at this laboratory-(OSRD Reports Nos;
5266, 5267 and 5531) are as follows:

5.



TNT Composition A

MR. 27-3, Mk. 51 fuze 2060 ft/sec. 2530 ft/sec.
Yk. 27-3 (EX-2), Mk. 58 fuze* 1960 2360
Mk. 27-3 (EX-2), MLk. 45 fuze* 1710 2220

The velocities are t-us between 20% and 30% greater fnr
Composition A than for TNT. According to Mot!'s theoretical
treatment (Equation 5), we should expect M to be greater for
TNT by about 15ýo. It is actually greater 4y 30-40%. These shell,
with their relatively large fuze cavities, are of course not
at all ideal in shape.

* For the L'k. 31-1 shell, the velocities are presumably about
3% greater, due to the slightly smaller casing thickness.
H. N. Shapiro, in a recent report from The New Iviexico
Lxperimental range, has given an average velocity for
Composition A in the Mk. 31-1 projectile with 11k. 58 VT fuze of
2780 ft/sec., averaged over the first thirty feet of flight.
This value is for statically initiated shell and is appreciably
higher than the value reported by Drake for the EX-2 shell.
Several factors combined appear to account for the discrepancy.
Upon examining Drake's fragments, it turns out that an
unfortunately large proportion of all those passing by the
illuminated slits and recorded by the rotating drum camera,
happened to come from the region of the shell under the rotating
band, where of course the overall casing thickness is greater
than elsewhere. This fact, combined with the generally
slightly heavier casing thickness of the EX-2 shell, resulted in
slower original velocities for Drake's fragments. In addition,
fragment retardation at the New Mexico range is significantly
smaller because of the higher altitude.
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C`Ii-scJ,&I'e t'st for goodne ss-of-fit of the exponontial la.,r

We, arj indebted to Dr. JHenr:T S3cho-ffýý, of Division 2, ITDIXIC
for su':1- sting this tr)st and 'or much helpf'ul inform;,atio
gene-rally concerning the sta'testical treatment of sheýll

* frag.j ient distribution data.

Wie wvishn to test the- hypotheIs:;s that tcie observed set of
nu erj~jof fragments within the various mass g-roups

~_~1-172 (,TI, constitute a ranL-domi sample from soine exn-one)n-
tial d'ýjstribution with proeLao~lJety density function.,

f( -- (/ ) exo (. - ) if 14 >;Ml

= 0 if m/ < PT1ý

\.hro i m/ Vie are u.-,_luding from cons idoration
f r a,3 if)n t s wiith individual _iasseýs below somte lower limit
ml, tall,.n in the prosent appl-ecetion (to I~'D shcll) as

1C(rale).

lHavingE deýterminfed an ost-Liat-_-d valueD of 11.0 (say M0 )by
Equateeon (11) and derived th~ermby Equation (111 ) a
valu.2 of ATI 0  (AL%>-, iiaki-a- -cs.j of the, total number 1ql
of fia,-iimnts liith- individual meIisses equal to or greater
than t limit ml (= 1 -ra~i), ýec dilvida the data for con-
vuni.eoc,. into ejight classe.s: the,: se~ven classes iP~~
for i =1, 2, ...,7 and the3 c]w L,. Th 7siae valu,

L~Kis not necessarily e~qual to theý "truer' value of 1.1o for
the supposed distribution of~ ~.ij-iich we may have a sam-,ple;,
but it will se3rve for purpose~s of' calculation.

,or aacblh class, a theý.oretical num,-ber XiIis calculated fr~o-
fn formula:

for i 1,2 ,...,7 and



F~or each class we3 now forrm t ;?contribution to Chi-square¼ý.

Z4ix2 = -Ni i.?

and finally "'Ohi-square'1 :

If the. r,ýsulting -2 value na d 12.6, wo reject the hypo-)(
th .Ls is t'-,. t the 111j are,, a rnoisample from somte eDxponent-ial
popul'ation (not nce~ssarily teone with 71 = 1,04-1), othe-i~rwise
iv; acoe3,t it. The value3 12.0 -is the 5 significance luývel
valu- of )ý2 with 6 degraees ofL freecdom (eight classes less
two dgesof free.,dom lost i-J. fixing the paramei.ters T.Io*
and (12j.1o)""'); thec l1% value is 16,.3

It may happen for soi-ie shell that the, class M:'1 6 or ovenm
the) class 7,/- IA K 8 may boept or contain but a ve,-ry fuew
f iýra-inet s *One rmray apply a sim-,ilar procedure using fewu11ýr
classeýS, e.g. , naking a sic :,Le class of 11 j-7 or even of 11',ý6.
Thu 5, exnd the 1%o significan-ce: level values of ,ý2aro
rospact:L-voly 11.1 and 15.1 .'?oir 5 dcgreec.s of freedom (7
classe-s) and 9.5 and 13.~3 rscvlyfor 4 degrees of
Iriodom (6 classes).

Thej following table illustrate-,s the a..' lication of the,
Chi-sqrucirec te.-st to Shell117 (I 1-. 27-3 311 A.A. projectile
loaded .-,ith cast MTIT; seeý Teble II):



Shell /75: Mo = 2.03

(AMOo)* = 466

NI = 284
i eoxp( - i/lIlo) (Ali1o)*exp(-i/iv'o*) Nip, Nij X x

1 0.610 284.0 11.4 108 0.05

2 0.373 173.6 69.8 68 0.05

3 0.223 103.8 39.1 53 4.93

4 0.139 6L4.7 25.1 20 1.04

5 0.085 39.6 15.4 10 1.89

6 0.052 24.2 9.3 6 1.17

7 0.032 14o9 6.1 6 0.00

8 0.019 8.8 8.8 13 2.00

x2 11.13
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Ap~pliccation of the method o'L Yiiaximum likolihood to the
estiatin othearamt~rW~ntheMott

d is trTI b-u-t io-n' law.

This maethod is a. modificatio-i of one. su g,3st,;d to us infiieo.iclly
by Dr. L. 11. Thomas of thej .3-allistic Reýsearch Laboratoryýý. Ltt
aj- dJnotuý the probacbility7 a.'ocrding to tho assuiae.-distrl-
bu~ion]c that a frtagment !Ji11l havce a mass m in thu rvrlr.ng

Mirci1/ 2 / Misj Thin the prooab-Llity P of obtaining any
GivI.n distribution, s ' pcified by thuj numibe-rs Nij in the
various classos Ill to 142, IA2 to`13, . .,11i to MJ, etc.
is:

P = t .1(aij) Nij

or.,

ln P = log NIL+ý -. ln ai j -ln N

sumniid ovor all classos, NT be-ing theý total number. Thais
statmi-i.nt involvos the assu-metion that the: probability
of fi-n'ding a give-n fragmeýnt in a particular class is
indupenmdeýnt of thi distribution of the other fragme.ýnts.
V1ihile this situation is not phaysically true, we may -assumeo
tha-t it is practically so due. ';o the complex nature of the:
break,,--up process.

14,j assumea,- that all fragme;nts dýown to some least individual
LD~mn mass ml, numbiring ,.-ru distributed according

to thi T!Iott equation and igrnoe.alsmle famnt.O
thk.. num,-;ber counted, the fraction:

Nij, O xp (-71u/-o) -"x exp /1A

tha~refore represe.nts the, ideal.- I'raction in thj range

LI111~~/2 < j

-IV-



This fraction is taken as representing the probability aij.

Lit us now vary tho paratOr ILo so as to make the prob-
aoility of the obsorved distribution a maximum:

dlnP HL, dais
77..0 a.. ---

Carrying out the differentiation with

Sxp(- 1 /ijo) - axp(-Ti/L¶)ai j - .. . L7 - HJ4ý7 .- ... ...

we obtain:

I- iT e xp(-Mij/o) - : Uxp (-Mj/mo)

i xp(-UJi/H) - nX9 (-11j/Nio) - - =

or: Ii uxp( Mj - I - I
2_. i~ij ...._ LMo- j

.J" (M )- 1

This aquction is quite ginoral hith respoct to the choice
of class limits Mi and Mj and could be solved by successive
appronimntions to find the v"In of Mo that gives the
obsorvad distribution maximuum likelihood as compared with
all oth-r possible valuis of ho. The equation is groatly
simplified however by suitabDlo choice of these limits.
Thus, adopting the conventions: Nl = 1 and Mj = i + 1
(i.e., the classes 1 - 4 grams, 4 - 9 grams, 9 - 16 grams,
etc.), wer obtain:

Oxp ( o` ) - i i

or 0 .434 3 l og ic)
lg i Nij- N1



who3r-c- thu sum 7iN-j - xtunds ovu-r i = 1,2,32 ... to thQ
hig-hcst valuc of i (ILoi, of Mi) roquirod to includo tho
I iuaviost fragmonts,

Thuj following, tablu; showis thu, application of this m,ýthod of
*ostimatling M10 to th-u data for Shull #17 5 in Tablo II

('11k. 27-3 3" A.A, projoc tilu-- 1odud with cast -TfT):

m INij iNij

1 - 4 grams 1 108 108
4 -9 2 60 136
9 -16 553 159

16 -25 20 80
25 -36 510 50
36 -49 6 6 36
i9 - 64 7 6 42
64 -81 84 32
1 - 100 9 6 54

100 -121 10 2 20
121 -144 11 1 11

N1  284 %i,_illi 723

0.443 log 12

=0.2147

110 = 2.023

Lik,-; tnh mjthod of avuýragin_, &,-scribod in thcu toxt of this
ruport (Equý,tion 11), this .todwill givo a formal valuo
of 1,o whu-,-thur or not tho distribution actulally is consistu-nt
withn thu. (uxponuýntial law. I-~ thuý obsurv-d distribution doos
not sat-isfy thu: law (usin,, as ciitLurion thu Chi-squaro) tuýst
dujscrib,-d in App,.ndix I, in -vhich thu 1,104ý1 valuu ostimatud
by thi ý:iathod of maximum lil:ulihood m,- bc; introducud to
calculat, thu Nj-j' ), thu m~thoC of max-Imum likujlihood is
not lu.giti-natuJ and thi fom-acal valuu of M0 is riu.anin&;lujss.-

-vi-



Platc 3

Shot No.75 - lb.k. 27-3 3`' A.A. Projectile with Mk. 51
1.,T Fuzo and Mk. 54 Auxiliary Detonator,
Cast TNT. Steel casing fragments arranged
according to mass.
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Plate 4

Shot No. 75.- Fragments of Plate 3 arranged approximately
according to regions of sholl from which
they cam8. No attempt made to order
fragments having masses less than 1 gram,
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Plate 5

Shot No. 21 - Mk. 27-3 3" A.A. Projectile with li'k. 51-2

MT Fuze and 1k. 46 Auxiliary Detonator,

Cast TNT.
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Plate 6

Shot No. 23 - Hk. 27-3 3" A.A. Projectile with Lk. 51-2
MT Fuze and Lk. 46 Auxiliary Dctonator,
Pressed Composition A-3.
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Plato 8

ro,__ _o. 23 -Fragmcnts of Plate 6 (Composition A-3)
rcarrangcd to show origins,

0



GdtýCAI 3 70g
r t (Ap

Ls_ 16,or~

ata0 -9t,

Ati 
m--

4mo

4 K7



Plate 9

Shot No. 58 - lik. 27-3 3? A.A. Projectile with Mk. 51
1i1T Fuze, and Mk. 54 Auxiliary Dctonator,
Pressed 50-50 Potassium Nitratu•/ Composition A.



- r -7-

0t II'M ir.

t t

~t6 dkt~fOI
its'P3  *i t

OVA 
rnfS

CaPO ~ . W ),j

J'25' AS

4pM~~~~-4 *ulw)Sf4n



TW -
~-A----

46 d~i . it,
tJ.i'A6

Mf~nvw- -ygv~q J,*f'I It

'ke :r* 1)T r1 o



T

Plato 10

Shot No. 58 - Fragmants of Plato 9 (50-50 Potassium
Nitrato/ Composition A) raariangod to show
origins.
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Ph tc; 11

Shot No. 61 - Mlvl. 27--3 3"1 A.A. Proje-ctila vvith 1Nki 51 HIT
P~uzu 6ýnd Tl.54 A~uxiliar'y Dotonator,
Pru-ss-'d 73-18-9 RDX/Aluminum/Wf,!x.
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Plate 12

Shot No. 61 - Fragments of Plato 11 (Aluminized
Composition A.) rearrangAd to show origins.
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Plato 13

Shot No. 30 - Ik. 27-3 3", A.A. Projectilc with 25 gram
Tetryl Booster and Brass End-plug, cast TNT.
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Plato 14

Shot No. 40 - Yk. 27-3 3" A.A. Proj-ctilc with 25 gram
Tutryl Booster and Brass mnd-plug, Cast
Th-YTD2.
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Plat(L 15

Shot No. 41 - i1dk. 27-3 3"? A.A. Proj,,ctilco -viiti- 25 groam
Tc~tryi Boost,-r and Brass End-plug, Cast
Picratol.
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Plato 16

Shot No. 54 - Mik. 31-1 3" A.A. Projoctilo vvith Mk. 58 VT
Fuzc and Yk. 44 Auxiliary Dctonator, Cost TNT,
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Plate 17

Shot No. 51 - .k. 31-1 3" AA. Projlctilo with Tk. 58 VT.
Fuzo and P1"k, 44 Auxiliary D(tonotor,
Prossed Composition A-3&
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Platct 18

Shot No. 54- Fragmcnts of P10ata 16 (TNT rirrang~d to
show origins.
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Plat" 19

Shot No. 51 - Fragmcnts of Plate 17 (Composition A-3)
r~arrngod to show origins.
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Pla~t(. 20

Shot N~o. 69 - i.31-1 3`1 I-.A. Proj,-Ictil.l xuith I.Ac. 45
VT Fuz, and L'"k. 44 Auxilior-Y DYýtoll' tor,
Cast TlET.



4A

I> ',I I ki

IT MI U
----------



Platcý 21

Shot No. 68 k 31-1 3"1 A..A. Projuctilo,, wvith TMk. 45
VTJ Fuzý-. and 1,1k. 44 Auxiliatry D~tonoýtor,
Prosscd Composition A-3-
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Plate 22

Shot No. 69 - Fragments of Plato 20 (TNT) roarranged to
show origins.
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Platcý 23

Shot No. 68 - F'r icgmnts of Plate 21 (Composition A-3)
rcarraned to show origins.
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DIVISION 8 -•.

NATIONIL DEFEn•;., REE -iRCH COtitil4ITTEE
of the

OFFICE OF SCIENTUFIC RESEkRCE,,1 AND DEVELOPMENT

STUDIES OF S=LL FRAGM•VENT MASS DISTRIBUT.ION

Explosives Research Laboratory

OSRD Report No. 5607
C o p y N o . --
Date: Janua/ry 5, 1946

Service Projects: NO-167, OD-152

Endorsement from Dr. Ralph Connor, Chief, Division 8 to Dr. Irvin Stewart,
Executive Secretary of the National Defense Research Committee. Forward-
ing report and noting:

"This report conft ains results which have been obtained in frag-

,renting Navy 3 A.A. shell loaded with a number of different explo-
sives. The report also contains a detailed description of the
methods used at this laboratory for collecting and analyzing the
fragments produced by detonating shell. The procedure differs
from that in use at certain other laboratories in this country in
that tho fragments are collected in sawdust and the separation from
the sawdust is ,-ade mgnetic ally.

it is brought out in the r-,ort that, even when all shell being
investigated come from a sing.lc w, ,inufacturing, lot, sore may differ
appreciably in physical rocrt i es froei the others; and it is recom-
mended that a hardnoss test be nade: on all shell b,;fore loading, so
that abnormal on:`,s can bei rejected.

:iost of the work has involvd a comparison of TNT and Composi-
tion A3 in the 3"/50 shell, using several sizes of fuze cavity.
The numbers of fragmnts- produced having masse equal to or greater
than one grrm, are 50-70',, 'tr for Comeposition AS1 than for Ti'iT,
the relative numb<-rs varying ,Soi ...wh.at with the sze of fuzee cavity.

Other reports on this subject are 0.;7 ,...-5606 and 5608."

This is a progress report under Contract 0,<- .,sr-202 ",ith the Carnegie
institute of Technology.

This document contains information affectin, the national defense of the
United States within the meaning of the ITkYS q.ýTA•ET.S.C. 50; 31 and
32. Its tranmsmission or the revelation of i:Is,`6o5lients in any manner to
an unauthorized person is prohibited !RG•_U,<•Dr G iU ,
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